ABSTRACT: Four salts containing imidazolium cations and europium(III)-or terbium(III)-centered complex anions have been successfully synthesized from an ethanol/H 2 O solution. The single-crystal X-ray diffraction analyses reveal that these compounds have a common formula of [R][Ln(DETCAP) 4 ] [R = 1-ethyl-3-methylimidazolium (C 2 mim), Ln = Eu (1) and Tb (2); R = 1-butyl-3-methylimidazolium (C 4 mim), Ln = Eu (3) and Tb (4); DETCAP = diethyl-2,2,2-trichloroacetylphosphoramidate], in which the lanthanide centers are chelated by four chelating pseudo-β-diketonate ligands (DETCAP) − , forming the respective complex anions. Their thermal behaviors and stabilities were also investigated to study the role of the length of the side chain in the cations. Fluorescence measurements at both room temperature and liquid-nitrogen temperature show that these materials show intense characteristic europium(III) or terbium(III) emissions and have long decay times. Their overall quantum yields were determined to be in the range of 30−49%.
■ INTRODUCTION
Ionic liquids (ILs) have attracted great attention in the past decade in the fields of organic and inorganic synthesis, catalysis, extraction, electrolyte, etc.
1 Most of time ILs have been studied as alternative solvents for conventional molecular solvents for their "green" and property-tunable character.
2 With development, new applications including magnetism, 3 luminescence, 4 and liquid crystallization 5 have been exploited for a new generation of ILs, which can be regarded as functional materials. As is known, traditional ILs usually are comprised of weakly coordinating anions. However, especially the anions are not as "innocent" as believed: some of them can coordinate or chelate metal ions and even form new ILs with cationic and anionic complex anions. As a result, new ILs with specific properties that are due to the incorporation of a metal ion can be realized and their properties tuned by a judicious combination of the chelating organic cations and/or anions and metal ions. 6 An interesting field of application is the use of ILs as soft luminescent materials. 7 Many (clean) ILs are transparent in the visible and near-IR spectral regions and are therefore very good optical solvents. 8 Some researches indicated that the emission intensity of some lanthanide compounds could be significantly enhanced several orders of magnitude in the presence of ILs and some lanthanide complexes can be photochemically stabilized by some weakly coordinating imidazolium-based ILs. 9 There are several ways to incorporate a lanthanide ion into an IL. ILs functionalized with coordinating groups such as carboxylic acid are able to dissolve lanthanide oxides and can directly be used to prepare luminescent lanthanide-doped ILs in which the luminescent components are cationic complexes. Unfortunately, these kinds of salts contain water, which quenches the useful emissions. 10 In our previous studies, some various lanthanide-containing ILs were obtained by dissolving a lanthanide salt directly into an IL. The strong emissions of the obtained materials clearly indicated that ILs are promising media to study the luminescent properties of rare-earth cations in the liquid state because they generally quench the optical transition far less than conventional solvents.
11 Homoleptic lanthanide-containing ILs, usually with a general composition of [cation] x [Ln(anion) 3+x ] (x = 1−3), can also be obtained by the reaction of a lanthanide salt with an IL that shares the same anion. 12 The most successful examples are [R] x [Eu(Tf 2 N) 3+x ] [Tf 2 N = bis-(trifluoromethanesulfonyl)amide; x = 1 for R = 1-propyl-1-methylimidazolium (C 3 mim) and 1-butyl-1-methylimidazolium (C 4 mim); x = 2 for R = 1-butyl-1-methylpyrrolidinium (C 4 mpyr)]. 13 In these salts, the europium ions are wrapped by four or five fluorinated sulfonylamide ligands and, importantly, there are no water molecules in them. As expected, these europium-incorporated salts not only exhibit very strong characteristic red emissions but also have very long decay times. These successes suggested that lanthanide-containing ILs are very promising luminescent materials.
Early syntheses of these luminescent materials required rigorous synthesis conditions, including anhydrous starting materials, a drybox, inert gas protection, dynamic vacuum, etc. In the course of our and others' studies of the use of β-diketone-type ligands for the preparation of luminescent materials, 9,14 we have found that anhydrous salts can be readily synthesized from aqueous solutions of lanthanide salts, precursor ILs, and β-diketone ligands. It is well-known that β-diketone-type ligands have the ability to chelate with lanthanide ions, forming stable coordination compounds. At the same time, their adsorption coefficients are very high, and are therefore very good sensitizers for optical materials for consideration of the antenna effect. 15 Carbacylamidophosphates and their derivatives, which have been extensively studied, 16 are one type of O,O′-chelators, which should be good sensitizers because of their generally quite high adsorption coefficient. At the same time, it is possible to tune the ligand electronic structure and efficiently improve the luminescence of the lanthanide ion by substitution using the push−pull structural character. 17 Additionally, these kinds of ligands contain two ester groups, which can form a shell covering the lanthanide centers and prevent them from attacking by high-energy oscillators. Upon a survey of the literature, we find that up until now no attempt has been made to the study of ILs or soft materials from these kinds of ligands. Therefore, we decide to develop new luminescent salts from diethyl-2,2,2-trichloroacetylphosphoramidate (DETCAP). Herein, we report on the syntheses, structures, thermal behaviors, and photoluminescent properties of four lanthanide-incorporated salts, namely, [R][Ln(DETCAP) 4 ] [R = 1-ethyl-3-methylimidazolium (C 2 mim), Ln = Eu (1) and Tb (2); R = 1-butyl-3-methylimidazolium (C 4 mim), Ln = Eu (3) and Tb (4)].
■ EXPERIMENTAL DETAILS
Materials and Methods. LnCl 3 ·6H 2 O (Ln = Eu and Tb; Smart Elements), 1-ethyl-3-methylimidazolium chloride [(C 2 mim)Cl] and 1-butyl-3-methylimidazolium chloride [(C 4 mim)Cl] (Iolitec), and all solvents were obtained from commercial sources and used as received. Elemental analyses were performed on a Vario EL III elemental analyzer. IR spectra were recorded on a Nicolet 6700 FTIR spectrometer as KBr pellets in the range of 4000−400 cm −1 . Solution 1 H NMR spectra were recorded on a Bruker AVANCE-III NMR spectrometer (600 MHz). Thermogravimetric analyses (TGA) were carried out on a NETZSCH STA 449C unit at a heating rate of 10°C/min under a nitrogen atmosphere. Phase transition temperatures were determined with a differential scanning calorimeter (NETZSCH DSC 240 F1). Measurements were carried out at a heating rate of 5°C/min in sealed aluminum pans with an argon flow rate of 20 mL/min. The reference sample was an empty aluminum container. Powder X-ray diffraction (XRD) patterns of the title compounds 1−4 were obtained on a Bruker D8 Advance diffractometer using Cu Kα radiation. The results are presented in Figures S1−S4 in the Supporting Information and compared with the simulated patterns from the single-crystal structural analyses. Good agreement confirms that the crystal structures are truly representative of the bulk materials.
Excitation and emission spectra were recorded at room temperature (RT) and liquid-nitrogen temperature (77 K) using a Fluorolog 3 (Jobin Yvon Gmbh, Munchen, Germany) with a continuous xenon lamp for steady-state spectra and a pulsed xenon lamp for time-dependent spectra as the excitation sources and a photomultiplier tube for detection. Bulk samples were sealed in silica tubes. Electronic transitions were assigned according to the energy level diagrams of trivalent rare-earth ions. 18 The absolute quantum yields of compounds 1−4 were measured using the integrating sphere approach (Jobin-Yvon) through the following expression:
which E c is the integrated emission spectrum of the sample, α is sample absorbance, which is found by measuring the integrated excitation profiles, L a is the "blank" absorption, and L c is the sample absorption at the excitation wavelength. Crystal Structure Determination of 1−4. Intensity data collections of 1−4 were carried out on a Bruker Smart APEX2 CCD single-crystal X-ray diffractometer (Mo Kα radiation, λ= 0.71071 Å) at RT. SAINT was used for integration of the intensity of reflections and scaling. 19 Absorption corrections were carried out with the program SADABS.
20 Crystal structures were solved by direct methods using SHELXS.
21
Subsequent difference Fourier analyses and least-squares refinement with SHELXL-97 22 allowed for the location of the atom positions. In the final step of the crystal structure refinement, hydrogen atoms of idealized −CH 2 and −CH 3 groups were added and treated with the riding atom mode, and their isotropic displacement factors were chosen as 1.2 and 1.5 times the preceding carbon atom, respectively. Two −CCl 3 groups in compounds 1−4 are disordered over two positions; therefore, they are refined isotropically because of the high displacement parameters. The high or low U eq found in compounds 3 and 4 should be caused by RT data collection. Crystallographic details for compounds 1−4 are summarized in Table 1 . Data for the crystal structures of compounds 1−4 have been deposited at the Cambridge Crystallographic Data Centre (CCDC 970447−970450); these data are obtainable free of charge via the Internet at ww.ccdc.cam.ac.uk/conts/retrieving. html.
Synthesis of Diethyl-2,2,2-trichloroacetylphosphoramidate (DETCAP). DETCAP was synthesized from 2,2,2-trichloroacetamide and diethylphosphorochloridate under an atmosphere of argon (see Scheme 1). A total of 4.872 g (30 mmol) of 2,2,2-trichloroacetamide was dissolved in 200 mL of dry toluene and mixed with 600 mmol of KOH. The mixture was stirred at RT for 2 h and then cooled to 0°C. An equivalent molar amount of diethyl chlorophosphate (4.56 mL) was added dropwise slowly under vigorous stirring. The mixture was stirred at this temperature for a further 3 h and left overnight at RT. Then 500 mL of deionized water was added and stirred for 30 min. The water phase was separated and treated with 1 N HCl to reach a pH value of 4−5. After that, it was extracted three times with toluene and dried with anhydrous MgSO 4 . A pure product (5.01 g, yield: 56%) was then obtained after removal of the solvent and crystallization from dichloromethane. − complex anion is formed by the chelation of four DETCAP anions to one lanthanide center with a distorted square-antiprismatic coordination geometry. The Eu−O distances are found in the ranges of 2.356(4)−2.457(4) Å for 1 and 2.349(9)−2.456(10) Å for 3, and the Tb−O bond lengths are in the ranges of 2.326(4)− 2.439(4) Å for 2 and 2.313−2.438 Å for 4 (see Table 2 ); both are in the normal ranges compared with other reported lanthanide β-diketonates. Table S1 in the Supporting Information) between the three acidic hydrogen atoms of the imidazolium cation and the oxygen atoms of the DETCAP anion, resulting in the formation of a one-dimensional (1D) infinite chain along the (110) direction for 1 and 2 and the b axis for 3 and 4. These 1D chains assemble into a three-dimensional (3D) supramolecular structure via van der Waals interactions (see Figures 1b and 2b) . Thermal Behavior Investigation. The thermal properties of compounds 1−4 were examined using differential scanning calorimetry (DSC) on powder samples, and the DSC thermograms are shown in Figure 3 . As expected, compounds 1 and 2 and compounds 3 and 4 have very similar thermal behaviors. For 1 and 2, there are three distinct phases on both the heating and cooling traces in the temperature range of 20− 180°C (see Figure 3a,b) . According to our experience, the two endothermic (128.8 and 158.8°C for 1; 132.5 and 151.0°C for 2) and exothermic (83.7 and 134.7°C for 1; 70.9 and 128.6°C for 2) peaks do not suggest that compounds 1 and 2 have liquid-crystal phases but normal solid-to-solid transition phases that are probably caused by the rotation of the organic cations.
14 The thermal behaviors of 3 and 4 are a little different from those of 1 and 2 (see Figure 3c,d ). There are also two endothermic peaks (91.1 and 128.3°C for 3; 86.4 and 127.2°C for 4) on the heating traces but only one exothermic peak (114.7°C for 3; 112.7°C for 4) on the cooling traces. This kind of difference could be ascribed to the larger size of the (C 4 mim) + cation, which makes it more difficult to rotate than (C 2 mim) + with the changing of temperature. The melting points of compounds 1 and 2 are higher than those of 3 and 4. This is easy to understand because a bulky ion usually leads to lower melting points. The melting points of the four salts are all above 120°C and are comparable with those of other β-diketonate-based salts.
14 XRD, IR, and TGA Studies. The powder XRD patterns of the title compounds 1−4 are shown in the Supporting Information (Figures S1−S4) . Good agreements between the respective experimental and simulated patterns from the singlecrystal structural data suggest good purity of the as-synthesized samples.
The neutral ligand HDETCAP bears a close resemblance to β-diketones, which show amide−imidole tautomerism. Upon coordination, the proton on the imine group is removed, giving rise to π conjugation of the skeleton OC−N−PO and leading to elongation of the CO and PO bonds and contraction of the C−N and P−N bonds. 24 For the IR band of the neutral chelate ligand (HDETCAP), the ν(N−H) vibration lies around 3073 cm −1 (Table 3 ). This band is absent in the IR spectra of compounds 1−4, indicating deprotonation of the chelate ligands and their coordination to the lanthanide ions. The characteristic vibration of the carbonyl group, which appears around 1744 cm −1 in the IR spectrum of DETCAP, shifts to 1618 cm −1 in compounds 1−4 because of delocalization of the p electron density in the chelate frame upon coordination. The IR spectra of the ligand and 1−4 reveal that the characteristic vibrations of the −PO 3 groups appear in the ranges of 1265−1260 cm −1 for PO stretching, 1031− 1037 cm −1 for asymmetric P−O stretching, and 964−971 cm
for symmetric stretching vibrations, respectively. The lowfrequency shift of the ν(PO) bands in the spectra of the lanthanide-containing compounds provides further evidence of the coordination of the phosphoryl gorup to the lanthanide centers.
The thermal stabilities of compounds 1−4 were examined using TGA in the temperature range of 30−800°C, and the results are plotted in Figure 4 . From the TGA traces, it is obvious that they have very similar weight loss trends that occur only in one step. No obvious weight loss before 180°C can be observed for 1 and 2, whereas 3 and 4 start to lose weight from 160°C, suggesting better stability of 1 and 2. Upon further heating, they start to decompose abruptly until 700°C to reach a constant weight, at which temperature weight losses of 63.3% for 1, 62.8% for 2, 65.9% for 3, and 64.8% for 4 were observed. Compared with other metal-containing ILs or soft materials, the stabilities of these four salts are moderate, and this could be ascribed to the moderate stability of the DETCAP ligand. F 1 , which can be used to determine the symmetry and strength of the ligand field around europium(III). It is worth noting that this intensity ratio is highly temperature-dependent in the materials. For compound 1, it is high up to about 6.57 at 298 K but decreases to be about 1.61 at 77 K. For compound 3, the corresponding values are found to be about 3.71 at 298 K and 1.57 at 77 K, respectively. These values are much higher than the value (0.67) for a centrosymmetric europium(III) complex 25 but are typical for europium(III) in a low site symmetry without an inversion center. 26 The broad F 1 intensity ratio suggest flexible coordination environments around the europium(III) centers. The increasing trend of the asymmetry parameter with temperature indicates a stronger coupling between the DETACAP anions and europium(III), which can be expected at higher temperature. 27 When the temperature is lowered to 77 K, evident splitting and narrowing of the transitions was observed, indicating a stronger crystal field of the europium(III) bonding sites at low temperature.
The 5 D 0 lifetimes of compounds 1 and 3 at RT and liquidnitrogen temperature were determined by monitoring the emission decay curves within the maximum of the 5 D 0 → 7 F 2 transition and exciting at 393 nm. The decay curves can best be fitted by single-exponential functions and yield lifetimes of 2.66 ms at 298 K and 2.74 ms at 77 K for compound 1 and 2.68 ms at 298 K and 3.14 ms at 77 K for compound 3, indicating that the 5 D 0 lifetime is also temperature-dependent. Obviously, these values are much higher than those of many europiumcontaining polymers, confirming that in IL/soft materials the multiphonon relaxation processes can be reduced because of better shielding.
To have a better understanding of the radiative (k r ) and nonradiative (k nr ) pathways, the 5 D 0 intrinsic quantum yield (Φ Ln ) was estimated from the emission spectrum and lifetime of the 
Here, Φ sens is the efficiency of energy transfer from the ligand to europium(3+) ions, and Φ Ln represents the intrinsic quantum yield of the lanthanide ion. The corresponding parameters of the photophysical properties for solid samples of 1 and 3 are summarized in Table 4 . It is noted that the quantum efficiencies of compounds 1 and 3 are very high and the nonradiative transition probabilities are even smaller than the radiative ones.
This may be explained by the fact that there are no water molecules around the first coordination sphere of the europium(III) centers, which has been determined by the 
For compounds 1 and 3, the calculated number of water molecules (n w ) are meaningless negative values, in agreement with the crystallographic results that indicate no aqua ligands coordinate to the europium(III) centers. Compared with other recent reported europium(III) β-diketonate complexes, it is clear that compounds 1 and 3 have the smallest radiative (k r ) and nonradiative (k nr ) decay rates, the highest intrinsic quantum yields (Φ Ln ), and the longest decay times (τ rad ). The overall luminescence quantum yields (Φ overall ) and energy-transfer efficiencies (Φ sens ) observed for 1 and 3 are modest ( Table 4) . The low energy-transfer efficiency values and radiative decay rates of 1 and 3 indicate that the β-diketonate ligand DETCAP is a less effective sensitizer compared with the aromatic ones, but in 1 and 3, the europium centers are well-shielded from N−H or O−H high-energy oscillators and well-separated from each other, reducing the probability of noradiative energy loss and enhancing the emission intensity and decay times.
Compounds 2 and 4 are terbium-containing salts, which are of great interest because they are efficient emitters of green light. The excitation and emission spectra of 2 and 4 measured at 298 and 77 K are shown in Figures 7 and 8 4 ] component in which the lanthanide centers are chelated by four DETCAP anions, forming complex anions, and interact with the imidazolium countercations with C−H··· O hydrogen bonds. The respective lanthanide centers are wellshielded by the diester chelators. No water or other solvent molecule is found in the structure. The similarity of these salts on structure leads to similar thermal stability so that they are stable up to 160 or 180°C and start to decompose upon further heating. Their melting points are all above 120°C but can be deduced by elongating the length of the alkyl side chain of the imidazolium cation. Solid-to-solid phase transition occurs during the heating or cooling process or both. As expected, these lanthanide-containing salts are highly luminescent and display their characteristic f−f transitions with decay times above 2 ms and quantum yields in the range of 30−49%. Their outstanding photophysical properties inspire us to further investigate lanthanide-containing ILs or soft materials. 
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